During germination of spores of Bacillus species the degradation of the spore's pool of small, acid-soluble proteins (SASP) is initiated by a protease termed GPR, the product of the gpr gene. Bacillus megaterium and B. subtilis mutants with an inactivated gpr gene grew, sporulated, and triggered spore germination as did gpr+ strains. However, SASP degradation was very slow during germination ofgpr mutant spores, and in rich media the time taken for spores to return to vegetative growth (defined as outgrowth) was much longer in gpr than in gpr+ spores. Not surprisingly, gpr spores had much lower rates of RNA and protein synthesis during outgrowth than did gpr+ spores, although both types of spores had similar levels of ATP. The rapid decrease in the number of negative supertwists in plasmid DNA seen during germination of gpr+ spores was also much slower in gpr spores. Additionally, UV irradiation of gpr B. subtilis spores early in germination generated significant amounts of spore photoproduct and only small amounts of thymine dimers (TT); in contrast UV irradiation of germinated gpr+ spores generated almost no spore photoproduct and three to four times more TT. Consequently, germinated gpr spores were more UV resistant than germinated gpr+ spores. Strikingly, the slow outgrowth phenotype of B. subtilis gpr spores was suppressed by the absence of major od/,-type SASP. These data suggest that (i) a$/,-type SASP remain bound to much, although not all, of the chromosome in germinated gpr spores; (ii) the a$d-type SASP bound to the chromosome in gpr spores alter this DNA's topology and UV photochemistry; and (iii) the presence of o/,-type SASP on the chromosome is detrimental to normal spore outgrowth.
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Approximately 10 to 20% of the protein of dormant spores of Bacillus species is degraded to free amino acids in the first minutes of spore germination (22) . These amino acids can support much of the protein synthesis early in the development of the germinating and outgrowing spore (22) . The proteins degraded in this process are a group of small, acid-soluble proteins (SASP) of two types, al and y (22) . There are multiple ao/-type SASP in spores of Bacillus species, and the amino acid sequences of these proteins have been highly conserved both within and across species (22) . The aJ,-type SASP are associated with spore DNA and play a key role in the resistance of spores to UV light (22, 23) . Bacillus spores have only one y-type SASP, and the primary sequence of this protein has not been as highly conserved in evolution as has those of a/P-type SASP. -y-Type SASP are not associated with DNA in vivo and have no known function other than generating amino acids by their degradation during spore germination.
The great majority, if not all, SASP degradation during spore germination is initiated by a single protease, which has been termed GPR (8, 9, 22) . This enzyme is an endoprotease specific for a pentapeptide sequence found once or twice in all SASP. GPR is initially synthesized during sporulation as a 46-kDa precursor (termed P46) which associates into tetramers but is enzymatically inactive. Later in sporulation P46 is processed to a 41-kDa polypeptide (termed P41) which also forms tetramers and is inactive in vivo but is active in vitro; P41 is stored in the dormant spore. During spore germination After cooling in ice, spores were germinated at 0.5 to 1 mg/ml and either at 30°C (B. megaterium) or 37°C (B. subtilis). Germination media used were as follows: 2 x SG (4) plus 4 mM L-alanine, 2 x YT (11) plus 4 mM L-alanine, SNB (23), or Spizizen's minimal medium (26) plus 4 mM L-alanine and 50 ,ug of tryptophan per ml. Appropriate antibiotics were added as noted above.
Germination media were supplemented with [5-3H] uridine (50 p,M; 5 ,uCi/ml) or [3H]leucine (100 ,uM; 33 ,uCi/ml) for measurement of RNA and protein synthesis, respectively. Aliquots (0.25 ml) of culture were added to 2 ml of 5% trichloroacetic acid; after 30 min at 4°C, acid-insoluble material was collected on a glass-fiber filter, and the filter was washed and counted in a toluene-based scintillation fluid as previously described (16) . ATP was extracted from samples of germinating spores (2 ml) with 8 ml of boiling n-propanol, and extracts were assayed for ATP as previously described (25) .
For measurement of SASP levels during spore germination, samples of culture equivalent to 15 mg (dry weight) of initial dormant spores were harvested by centrifugation (5 min; 8,000 x g), the pellet was resuspended in 1.5 ml of cold water, centrifuged in a microcentrifuge, and lyophilyzed. SASP were extracted after dry breakage in a dental amalgamator (Wig-L-Bug) with glass beads as the abrasive; eight 1-min periods of shaking sufficed for breakage of both dormant and germinated spores. The dry powder was extracted with 1.5 ml of cold 3% acetic acid for 30 min at 4°C, the sample was centrifuged, and the pellet was reextracted with 1 ml of 3% acetic acid. Both supernatant fluids were pooled and lyophilized, and the dry residue was dissolved in 200 ,ul of 8 M urea-acid gel diluent as previously described (4) . Samples from the equivalent of 1.5 mg of dormant spores were run on acrylamide gel electrophoresis at a low pH to separate SASP, and the proteins on the gel were transferred to nitrocellulose, and the paper was baked overnight at 80°C (4) . SASP on the nitrocellulose were then detected with antisera against B. megaterium SASP-A and -C (o/,-type SASP), B. megaterium SASP-B (-y-type SASP), B. subtilis SASP a plus ,, or B. subtilis SASP-,y (4, 10) .
Other analytical methods. The spore protease was extracted from dry-ruptured spores, run on sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, proteins were transferred to nitrocellulose, and proteins were detected with antiserum against B. megaterium GPR as previously described (9) . The latter antiserum had been adsorbed to remove much (although not all) of the contaminating antibodies to DnaK (28) .
Plasmid was extracted from dormant B. subtilis spores after the latter were made lysozyme sensitive by spore coat removal (12) . Plasmid was extracted from B. subtilis spores germinated for 30 min in 2 x YT plus 4 mM L-alanine by using direct lysozyme extraction (12) . In one case dormant spores were first decoated and then germinated, since plasmid recoveries from gpr spores early in germination were otherwise low. After plasmids were purified by CsCl gradient centrifugation, their average number of supertwists (Tav) was determined as previously described (12) .
The UV resistance of spores during germination was determined as previously described (18) , and survivors were enumerated by plating on 2 x YT medium plates plus the appropriate antibiotic as noted above. Samples (-3 x 105 cpm) of [3H]thymidine-labeled B. subtilis dormant spores or spores germinated in 2 x YT plus 4 mM L-alanine as described above were irradiated with UV light primarily at 254 nm, and the dosages given were determined as previously described (17) . Irradiated spores or unirradiated control samples were centrifuged, and the pellet was lyophilized. The dry spores were then broken, DNA purified, and hydrolyzed; photoproducts were separated by descending paper chromatography; and the various photoproducts were quantitated by counting in a scintillation counter as previously described (17) .
RESULTS
Construction of gpr mutants and proof of their identity. The gpr genes from B. megaterium and B. subtilis were previously mapped (27, 28) (gpr) . The samples were separated by electrophoresis on SDSpolyacrylamide gels, proteins were transferred to nitrocellulose, and GPR antigen was detected with antiserum against B. megaterium GPR. Arrow labeled a, migration position of DnaK, a protein to which there are antibodies in the anti-GPR antiserum because DnaK was a contaminant in the GPR used as the original immunogen (9, 28); arrow labeled b, the position of the P41 form of GPR from B. megaterium and the analogous band from B. subtilis extracts.
some, and then mapping the plasmid-carried chloramphenicol resistance marker. Since the gpr fragments cloned into pJH101 were entirely within the coding sequence, integration of these recombinant plasmids into the chromosome by a Campbell-like mechanism should disrupt the gpr gene. Southern blot analysis of chromosomal DNA from these integrants showed that the gpr coding sequence was indeed disrupted (27, 28) . The putative gpr strains of both species grew and sporulated normally (27, 28 ; data not shown). Therefore, we felt it was prudent to confirm that GPR was absent from the spores of both gpr mutants. Consequently, Western immunoblot analyses were carried out on extracts from gpr+ and gpr spores of both species ( Fig. 1 ) (6, 7). As seen previously (9) the major GPR antigen in gpr+ B. megaterium spores was P41 (Fig. 1A, lane 1) . In contrast, P41 was absent from gpr B. megaterium spores and no new immunoreactive bands appeared (Fig. 1A, lane 2) . B. subtilis gpr+ spores also gave a band at 41 kDa which reacted with the antiserum against B. megaterium GPR; again this band (as well as a slightly larger band which may be P46) was absent from gpr B. subtilis spores (Fig. 1B, lanes 1 and 2) . Thus, it appears that GPR is absent from spores carrying plasmids interrupting the gpr gene.
Germination, outgrowth, and SASP degradation. In addition to identical growth and sporulation of gpr and gpr+ strains, mutant and wild-type spores of both species initiated spore germination with similar kinetics ( Fig. 2 and 3 ). This was shown by the similar rate of fall in optical density beginning immediately after spores were mixed with germinant ( Fig. 2 and 3 ). However, in a rich medium the optical density of gpr spore cultures began to increase later and the rate of increase was initially lower than that of gpr+ spores, indicating that outgrowth of gpr spores was slower than that of gpr+ spores ( Fig. 2 and 3 each species, including strains PS533 and PS1590 (data not shown). Although outgrowth was slower for a+p+ gpr spores in a rich medium, both gpr and gpr+ spores had identical viability. However, spores of PS930 (gpr+) gave readily visible colonies after -16 h at 37°C on 2x YT medium plates, while spores of PS1029 (gpr) required 24 to 30 h to obtain maximum colony counts (data not shown). In contrast to the results with rich media, the rates of outgrowth of gpr and gpr+ spores were less different in a poor medium for both B. megaterium (data not shown) and B. subtilis (Fig. 4 ) than they were in a rich medium ( Fig. 2 and  3) . Analysis of SASP levels in gpr and gpr+ spores during germination in a rich medium showed that SASP degradation in gpr+ spores was >90% complete within 5 min for B. megaterium or 15 min for B. subtilis, as found previously (7, 15) (Fig. 5A and B) . In contrast, noticeable SASP loss was not observed until 90 min after the start of germination of gpr spores ( Fig. 5A and B) . Degradation of both a/P-type (A and C in B. megaterium and a and p in B. subtilis) and y-type SASP (B in B. megaterium and -y in B. subtilis) was slowed in the gpr mutants ( Fig. 5A and B) .
Because the difference in outgrowth between gpr and gpr+ spores was maximal in rich media and minimal in a poor medium, this suggested that it was the presence of SASP in the germinated gpr spores which was slowing outgrowth. The SASP most likely to be having this effect were alP-type SASP, since these can block growth in Escherichia coli and inhibit many reactions involving DNA in vitro (16, 20) . In contrast, y-type SASP have no effect in E. coli, and do not interact with DNA in vivo or in vitro (14, 18) . In order to test this possibility directly, we introduced the gpr mutation into a B. subtilis strain lacking the two major alp-type SASP, a and p (ap-p-strain). As predicted, spores of the a-p-gpr strain proceeded through outgrowth in a rich medium at a rate close to that of acFi3 gpr+ spores and identical to that of a-p-gpr+ spores ( Fig. 2; data not shown) .
Analysis of RNA and protein synthesis during outgrowth in a rich medium showed that macromolecular synthesis was much slower with gpr spores (Fig. 6 ). This is not surprising given the slower outgrowth of gpr spores under these conditions. However, ATP analyses in spores germinated 30 min showed that there was no significant different in ATP levels in cultures of germinated gpr and gpr+ spores (85 and 75 pmol/ml, respectively, in cultures analogous to those in Fig. 6 [data not shown]) . Consequently, the reason for slow macromolecular synthesis in gpr spores during germination and outgrowth is not a defect in energy metabolism. Note that in the experiments measuring macromolecular synthesis it appeared that protein synthesis began before RNA synthesis during germination and outgrowth, in contrast to previous results (25) . However, this apparent discrepancy is due to the use of less than optimal conditions for measuring RNA synthesis because of the rich medium used in these experiments.
Properties of DNA in germinated gpr spores. The data given above suggest that the slow outgrowth of gpr spores in rich media is due to slowed RNA synthesis, with this in turn due to the continued presence of a/,-type SASP in these spores.
Since previous work has shown that a/n-type SASP are bound to DNA in vivo (3, 16) , it seemed likely that this would also be the case in germinated gpr spores. If so, then this binding should have effects on the properties of DNA in germinated gpr spores in addition to slowed transcription. One obvious property to test is plasmid DNA supercoiling which is extremely high in dormant spores, primarily be- (12) (Fig. 7, lanes 1 and 2) . In contrast, the Ta value of this plasmid fell <5% in gpr spores after 30 min of germination (Fig. 7, lanes 3 and 4) . However, plasmid pUB110 from dormant spores of both gpr+ and gpr strains had similar Tav values (Fig. 7, lanes 1 and 3) .
We also monitored the transient UV resistance during germination of gpr and gpr) spores, since this has been suggested to be a reflection of a conformational change in DNA early in germination, a conformational change dependent on a/P-type SASP (18, 23) . With both species gpr and gpr+ spores exhibited nearly identical transient UV resistance during germination ( Fig. 8; data not shown) . However, this analysis only detects the extremely UV-resistant spores which transiently exist early in spore germination; even late in germination the survivors of the huge UV dose used in analysis of transient UV resistance are those spores triggering germination well after addition of germinant (18) . Consequently, it was possible that the total population of germinated gpr spores might be somewhat moUV re sistant than that of germinated gpr+ spores. Indeed, this was the case (Fig. 9) 8) . Samples were analyzed as described above with antisera against either B. subtilis SASP-a plus -1B or SASP-y. The lettered horizontal arrows denote the migration positions of SASP-a, -1, and -y. spore photoproduct (SP), as found previously (17) . However, thymine dimer (TT) was the major photoproduct from gpr+ spores at the earliest time in germination; presumably much of the SP produced in the gpr+ spores is from those which have not yet germinated ( Table 2 ). In contrast, much less TT was produced in germinated gpr spores, even after 100 min of germination, and much more SP was produced ( Table 2) . Analysis of the yield of various photoproducts as a function of the incident UV fluence showed that SP formation in germinated gpr spores required >20 times more fluence than did SP formation in dormant spores or TT formation in germinated spores (Table 3) . We have shown previously that the yields of TT in growing cells and SP in dormant spores per incident fluence are similar when the linear portions of dose-response curves are compared ( However, these mutants retain wild-type levels of GPR antigen (9) , and it seems likely that these mutants retained significant GPR activity in vivo, though not in vitro. In contrast, the gpr mutants analyzed in this work retain no detectable GPR antigen.
The major phenotype of the gpr mutants of both B. megaterium and B. subtilis is a slow return to vegetative growth upon spore germination in a rich medium. Since the triggering of spore germination appears normal in gpr mutants, their slow return to vegetative growth is because of slow outgrowth which appears due at least in part to slowed transcription during this period of development. Spores in which major SASP are absent even though GPR is present (i.e., a-,8 gpr+) also exhibit slower outgrowth than wildtype spores (6, 10) . However, with a-,-gpr+ spores lanes 3 and 4) , and aliquots (-1 ,ug) were analyzed by electrophoresis on 1.4% agarose gels containing 4 ,ug of chloroquine per ml and then by staining with ethidium bromide. The numbered horizontal arrows give the average number of negative supertwists (Tav) of plasmid pUB110 migrating at that position.
extremely slow outgrowth relative to that of ot,l3 gpr+ spores is seen in a poor medium, while outgrowth is only slightly slower than that of a+6+ gpr+ spores in a rich medium (6, 10) . This is consistent with the role for these of Transient elevated UV resistance of gpr+ and gpr spores during spore germination. Dormant B. subtilis spores were heat shocked and germinated in 2 x YT medium plus 4 mM L-alanine. At various times during germination, aliquots were diluted 75-fold in cold 25 mM NaPO4 (pH 7.2)-0.15 M NaCl and UV irradiated for 30 s with a total dose of 400 J/m2, and aliquots were plated on 2x YT medium agar plates containing chloramphenicol (3 ,ug/ml) for enumeration of survivors. Symbols: 0, PS930 (gpr+); *, PS1029 (gpr).
Time in minutes   FIG. 9 . UV resistance of germinated gpr and gpr+ spores. Dormant spores were heat shocked and germinated for 30 min in 2 x YT medium plus 4 mM L-alanine and chloramphenicol (3 ,ug/ml) and kanamycin (10 ,ug/ml). Aliquots were then diluted 1:100 in cold 25 mM KPO4 (pH 7.5)-0.15 M NaCl and UV irradiated at a dose rate of 50 J/m2 * min, and survivors were determined. Symbols: 0, PS533 (gpr+); *, PS1590 (gpr). SASP in supplying amino acids for protein synthesis early in spore germination and outgrowth (22) . In contrast, the slower outgrowth of gpr spores relative to that of gpr+ spores is most obvious in rich media and is less noticeable (although still present) in a poor medium. Thus, the defect in gpr spore outgrowth is not because of a decreased rate of generation of amino acids for protein synthesis. Rather the defect is related to the continued presence of SASP, in particular a/p-type SASP, in outgrowing gpr spores. This is shown by the suppression of the gpr spore's outgrowth defect in rich medium by concomitant absence of SASP-a and -,B. That a/p-type (but not y-type) SASP should inhibit cell growth is consistent with the effect of these proteins on E. coli in vivo (16) . This growth inhibition is most likely because of binding of a/p-type SASP to the chromosomal DNA with attendant decreased transcription of a number of genes, as has been found both in vivo and in vitro (16, 20) . Presumably, the a/p-type SASP are slowly degraded during 
